Locked-in syndrome (LIS) was first introduced by Plum and Posner. It refers to the combination of quadriplegia and anarthria brought about by disruption of the corticospinal and corticobulbar pathways of the brain stem, respectively [1] . Patients with LIS are alert and aware of their environment but cannot speak or move their limbs. They retain the capacity to use vertical eye movements and blinking to communicate. LIS occurs following disruption of the motor tracts in the ventral brain stem and at least 60% of the cases are caused by stroke [2] . Early and intensive rehabilitation reportedly improves the functional outcome and reduces the mortality following LIS [3] . LIS is a rare condition. Hence, treatment options, including rehabilitation approach, are diverse and not established.
Transcranial direct current stimulation (tDCS), a noninvasive intervention, has been reported to improve aspontaneity by stimulating the dorsolateral prefrontal cortex in patients with stroke [4] . Therapeutic use of noninvasive brain stimulation for LIS has never been reported. We report a case of LIS who underwent tDCS and showed restitution of oral feeding.
Case report
A 61-year-old man was admitted to a neighboring hospital due to cerebral infarction of pons, cerebellum, and parieto-occipital cortices (Figure 1a ) caused by occlusion of the basilar artery.
After acute phase treatment, the patient was conscious. However, he suffered from flaccid tetraparesis and could not speak but could communicate by blinking. He was diagnosed with LIS. Despite the intensive rehabilitation in the hospital, his symptoms persisted. The patient's family wished for further rehabilitation using noninvasive brain stimulation. Hence, he was transferred to our hospital 67 days after the onset of stroke.
We started conventional and intensive physical, occupational, speech, and swallowing therapy. The tetraparesis (manual muscle testing grade 2) persisted and his nutrition was maintained through a nasogastric tube.
After a written informed consent was obtained, tDCS intervention was started at 112 days post-ictus. The study procedures were carried out in accordance with the Declaration of Helsinki. The Institutional Ethical Committee approved the treatment protocol.
Transcranial direct current stimulation (tDCS)
A weak direct current (2 mA) was induced through rectangular saline-soaked sponge electrodes (surface area 35 cm 2 ) and delivered by a specially designed battery-driven, constant current stimulator (DC-Stimulator Plus; neuro-Conn Technology, neuroCare Group, GmbH, Germany), providing a current density of 0.057 mA/cm 2 . This amount of stimulation is considered safe [5] .
For the sham stimulation, the current was ramped up for 8 s, followed by 30 s of 2 mA stimulation. This procedure resulted in a brief period of skin sensations similar to those observed during real stimulation. Subsequently, the current was ramped down for 5 s. It was followed by a brief and small current pulse every 550 ms (110 µA over 15 ms with the peak current lasting for 3 ms). Blinding of the sham stimulation was validated in a previous study [6] .
Based on a previous report [4] that showed improved aspontaneity after bifrontal tDCS, we selected prefrontal areas as stimulation target to enhance the patient's activities including feeding.
Test stimulation
Before the start of the treatment session, three types of stimulations ( Figure 1b 
Results
Intervention using tDCS did not result in any adverse events. After tDCS with STIM A configuration for 9 days, the patient could masticate and swallow jelly food without aspiration. Additional tDCS with STIM B for 8 days enabled him to eat necessary and sufficient amount of pasty food. The feeding tube was removed 3 weeks after the end of tDCS intervention.
The patient reported that he could perform swallowing movement more easily during STIM B.
However, motor function of the extremities did not improve. Six months after the stroke onset, the modified Rankin scale score remained at 5.
Discussion
In the present study, tDCS of the prefrontal area improved feeding motivation in a patient with LIS and established oral intake without nasogastric tube. However, mechanism of this improvement is uncertain. Two possible mechanisms can be postulated. Interaction between the prefrontal cortex and the limbic system is possibly an important pathway that influences behavioral control of food intake [7] . Stimulation of the prefrontal area can modulate the activity of limbic system through modification of large-scale brain connectivity. It was reported that prefrontal tDCS induced dopamine release in the ventral striatum and the reward-motivation network through modulation of polysynaptic subcortical areas [8] .
Another possibility is the spread of current to the pharyngeal motor cortical area [9] due to the use of large stimulation electrodes (35 cm 2 ) in tDCS. The pharyngeal motor cortical area is thought to be located in the lower rolandic area, ventral to the stimulated prefrontal site.
The ease of mastication experienced by the patient might support this hypothesis.
Application of tDCS in the present study did not improve the motor function of the extremities and the activities of daily living. This finding might be due to the fact that concurrent rehabilitation during tDCS did not include exercises of the upper and lower extremities. Another possibility is that the duration of the intervention (17 days) might have been short.
Thibau et al. [10] reported that tDCS with anode at F3 improved signs of consciousness.
Better subjective outcome for STIM B (anode at F3 and cathode at F4) might be explained partially by the anodal stimulation of the left dorsolateral prefrontal cortex.
The present report investigated a single patient. Hence, it is uncertain whether our results can be generalized. Methodologically, it was difficult to fix stimulation parameters such as order of the stimulation montage or duration of the intervention period in the present study.
Since LIS is a relatively rare condition, accumulation of similar cases is difficult. It is also impossible to exclude the possibility that recovery from tube feeding in our patient reflected the natural course. However, the instantaneous recovery just after tDCS (at about 100 days post-ictus) might support our hypothesis of tDCS-induced neuroplasticity. Arrow: brain stem infarction occupying the ventral and central part of pons.
Figure Legends
Red: anode, blue: cathode, and gray: sham.
